Abstract. Interacting galaxies like the famous Antennae (NGC 4038/4039) or Stephan's Quintet (HCG 92) show considerable star forming activity in their tidal arms. High resolution images (e.g. from HST-observations) indicate that these regions consist of up to hundreds of massive stellar clusters or tidal dwarf galaxies (TDG). In this paper we want to investigate the future fate of these clusters of massive star clusters (in this work called super-clusters). We simulate compact superclusters in the tidal field of a host-galaxy and investigate the influence of orbital and internal parameters on the rate and timescale of the merging process. We show that it is possible that such configurations merge and build a dwarf galaxy, which could be the primary mechanism of how long-lived dwarf satellite galaxies form. A detailed study of the merger object will appear in a follow-up paper.
Introduction
High resolution images from HST-observations of the Antennae galaxies (Whitmore et al. 1999 , Zhang & Fall 1999 show that the star forming regions there consist of up to hundreds of young (ages 3-7 Myr), compact massive star clusters with dimensions of a few pc. These clusters are themselves clustered in super-clusters spanning regions of several hundred pc and which have concentrated cores. In other systems like Arp 245, Duc et al. (2000) find a bound stellar and gaseous object at the tip of the tidal tail. (Their numerical models show that the system is seen at approximately 100 Myr after the closest approach of the interacting pair.) This so-called tidal dwarf galaxy (TDG) contains old and new stellar material, a lot of gas and also undissolved massive stellar clusters. Systems like the merger remnant NGC 7252 (Miller et al. 1997) show a distribution of young massive star clusters which has the same age as the interaction (≈ 700 Myr).
Finally, galaxies like our Milky Way host several dwarf galaxies (e.g. dSph or dE) (Mateo 1999 ) with high specific globular cluster frequencies (Grebel 2000) and globular clusters in their tidal streams.
In this project we want to investigate the future fate of clusters of young massive star clusters. It is possible that such configurations merge and build a dwarf galaxy. Therefore we simulate compact superclusters in the tidal field of a host-galaxy and investigate the influence of orbital and internal parameters on the rate and timescale of the merging process (i.e. how fast the single clusters merge and how many star clusters are able to survive this process). In addition the properties of the resulting merger object and its dynamical evolution are studied.
The Simulations
The simulations are performed with the particle-mesh code Superbox . In Superbox densities are derived on Cartesian grids using the nearest-grid-point scheme. From these density arrays the potential is calculated via a fast Fourier-transformation. The particles are then integrated forward in time using a fixed time-step Leap-Frog algorithm. Superbox has a hierarchical grid architecture which includes for each object two levels of high-resolution sub-grids. These sub-grids stay focused on the objects and travel with them through the simulation space, providing high resolution at the places of interest (in this case the super-cluster and the single clusters within).
The massive star clusters are simulated as Plummer-spheres containing 100,000 particles each, having a Plummer-radius of R pl = 6 pc and a cutoff radius R cut = 30 pc. Each cluster has a total mass of M cl = 10 6 M ⊙ and a crossing time of 1.4 Myr.
The super-cluster is also modelled as a Plummer distribution made up of N 0 star clusters described above, has a Plummer-radius R sc pl and cutoff radius R sc cut = 6R sc pl . The Plummer-radius of the super-cluster has values of 50, 75, 150 and 300 pc. In this project the number of clusters is kept constant at N 0 = 20, which is a typical number of star clusters found in these super-clusters. N 0 was chosen small enough to get results with a considerable amount of CPU-time. Higher values of N 0 will be dealt with using the newly available parallel version of Superbox in the near future. In our calculations the super-clusters have an initial velocity-distribution according to the Plummer-distribution we gave them (i.e. they are initially in virial equilibrium).
The super-cluster orbits through the external potential of a parent galaxy, which is given by
with R gal = 4 kpc and v circ = 220 km/s. We refer the reader to Kroupa (1998) , who describes the isolated case. The super-cluster moves on a circular orbit around the centre of the galaxy. The distance D from the centre is varied to be 5, 10, 20, 30, 50 and 100 kpc. The tidal radius R t of the super-cluster depends mainly on D, but has also a low dependency on R sc pl . R t lies at the local maxima of Φ eff . It can be derived numerically by setting ∂Φ eff /∂r = 0 where Φ eff is
The grids in this project are chosen to have 64 3 mesh-points with the following sizes:
− The innermost grids cover single star clusters and have sizes (2 · R core ) of 60 pc. This gives a resolution of 1 pc per cell.
− The medium grids have sizes (2 · R out ) approximately equal to the cut-off radius of the super-cluster (R sc cut ) to ensure that every star cluster is in the range of the medium grid of every other cluster. This means the medium grids have the sizes shown in Table I − The outermost grid (size: 2 · R system ) covers the orbit of the supercluster around the galactic centre. This means 2 · R system is chosen to be 10 kpc larger than 2 · D, where D is the distance of the super-cluster from the galactic centre.
The two-dimensional parameter-space of our simulations (R sc pl and D) can also be described with two dimensionless variables, namely
α describes how densely the super-cluster is filled with star clusters. β describes the strength of the tidal forces acting on the super-cluster. Table II lists the dimensionless parameters α and β for the different choices of the physical quantities R sc pl and D. For each combination of (α, β) several (3-6) random realisations are performed. Results discussed later for one pair of the parameter set are computed mean values out of the different simulations.
Results
The number of star clusters in the super-cluster decreases due to two concurrent processes. The first and also the most important one is the merging process. The second one is the escape of star clusters from the super-cluster. Escape plays an important role only on long timescales or if the super-cluster is larger than its tidal radius (i.e. β > 1).
where n m is the number of merged clusters and n esc the number of escaped clusters.
Merging Timescales
In our simulations the timescale of the merger process is very short. Most cluster merge within the first few crossing times of the supercluster, forming a dense and spherical merger object in the centre of the super-cluster.
To determine the timescale of this merger process we first have a look at simulations with β < 1.0. With this restriction we can neglect the number of escaping clusters (i.e. n esc (t) ≡ 0).
Then we take the following ansatz for the decrease of the number of clusters. If a star cluster makes one crossing through the super-cluster the chance to meet and merge with another cluster is the area covered by the cross-sections of all other clusters divided by the area of the super-cluster. We therefore define the merger-rate R (number of merger events) per crossing time of the super-cluster T sc cr as the ratio between the cross-sections of all (N ) star clusters (A hit ) travelling through the super-cluster and the area of the super-cluster A sc . The merger rate R per T sc cr should therefore be given by
with τ = t T sc cr being a dimensionless time and
is the projected area of the super-cluster with a mean radius that includes all clusters. This radius is smaller than R sc cut due to the fact that the super-clusters contain only a limited number of clusters. In our simulations we find that γ is given by γ = 3.8 ± 0.1.
For the cross-sections of all clusters we take the ansatz
Every star cluster sees the cross-section A cl of N − 1 other clusters. R is then proportional to N 2 and the number of clusters N (τ ) should decrease with time proportional to 1/(1 + kτ ).
To determine A cl we first have to check how the average encounter between two star clusters (or a star cluster and the merger object) looks like. Therefore we have to check the relative velocities and separations at the point of closest approach, which afterwards leads to the merging of the two star clusters. Fig. 1 shows the relative separation between a particular star cluster and the merger object. One can clearly see that the two objects are separated at their first encounter, implying the distance at closest approach is larger than the mean square radius of a single cluster. Their relative velocity is larger than the average velocity inside the super-cluster. Figure 1 . A typical example for the merging of a star cluster with the merger object. Left panel: Solid line shows the distance between the merger object and the star cluster. Dashed lines show the half-mass-and the 90%-radii of the merger object. Horizontal line marks the maximum distance for the merger-criterion -if the distance of two objects stays less than this for the rest of the simulation the two objects are assumed to be merged; vertical line shows the adopted merger-time tm. Right panel: Ratio between the relative velocity v rel of the cluster and the merger object and the velocity dispersion σsc of the super-cluster.
In this paper, we define two clusters as merged if their mutual distance stays smaller then five Plummer-radii R pl for the rest of the simulation. We found that 5 R pl is a good compromise between declaring no cluster as merged (the merger criterion being chosen too small) and merging all clusters right form the beginning (their mean distance being smaller than the merger criterion). Smaller merger radii have problems in the late stages of the simulation, where the centres of otherwise dissolved clusters can still survive and orbit through the extended merger object. If the merger radius is chosen too small, these clusters would not be counted as merged.
The next step is to approximate the energy gain of the clusters due to the passage. Aguilar & White (1985) showed that the total energy mfellhauer.tex; 9/03/2008; 12:39; p.6 exchange in the tidal approximation given by Spitzer (1958) ,
gives reasonable results if r p ≥ 5r c . In this formula r c denotes the mean square radius of a single cluster. With a cut-off of 6R pl we calculate the mean square radius as approximately 1.5R pl which gives r 2 c ≈ 2.3R 2 pl . r p and v p are the distance and the velocity at the point of closest approach. If we assume that v p is equal to the mean velocity of a cluster in the super-cluster, σ sc , i.e. we neglect gravitational focusing and the acceleration of the star clusters firstly, we get ∆E = 4 · 2.3 3
To obtain the critical impact parameter which leads to a merger, we set the energy exchange equal to the orbital energy of the two clusters in the super-cluster: ∆E = 
In this formula we have not taken into account that the clusters are gravitationally focused. Inserting Spitzers (1987; eq. 6-15) formula for gravitational focusing,
we obtain
Given the values of α of our simulations we derive the values for r m given in Table III . The merger rate R is then Solving for R = −dN/dτ gives
with the values for δN 0 shown in Table III . This dependency is plotted as dashed lines in Fig. 2 . The mean projected distance of clusters inside one Plummer radius of the super-cluster is given by
Since half the star clusters lie within one Plummer radius, we get
Comparing this value with the merger radius r m for our choices of α one can see that in the centre of the super-cluster the mean distance between two clusters is smaller than the merger radius. In the centre the merging of clusters should therefore happen within a few crossing times of the super-cluster. In this case our Ansatz for A hit in Eq. 7 fails and the timescale for the merging should be independent of α. Instead we have to take an area which is proportional to the central area of the super-cluster,
Inserting in Eq. 5 and integrating leads to
The exponential decrease, according to Eq. 18, is plotted in Fig. 2 as the solid lines. There one sees clearly that the number of clusters first decreases exponentially. After all clusters travelling through the centre have merged with the central merger object, the further decrease of N with time levels off and tends more and more to the one described by Eq. 15. The mean distance between the surviving clusters is now larger than the merger radius and the formula derived by Ansatz of Eq. 5 gives a better description of the system of the merger object and the remaining star clusters. Fig. 2 also shows, that in the later stages of the merging process there is a clear dependency on the α parameter.
We expect to obtain a change in the initial behaviour of the system if r m falls below the mean projected distance of the clusters. For our choice of N 0 , this should happen for α ≤ 0.006. On the other hand if α becomes higher than 0.2 the mean distance of all clusters is smaller than the merger radius -all N 0 star clusters should then merge within one crossing time. Fig. 3 shows the number of clusters merging within the first crossing time, and the time it takes to merge half the clusters. All simulations with the same α, and which have β < 1, are binned together. As can These mean values are plotted as solid lines in Fig. 3 and are also displayed in Fig. 4 . Fig. 4 shows the mean values of R 1.T sc cr and T 1/2 for all combinations of (α, β). It is clearly visible that there is no dependency of the results on β at all. It therefore seems that β influences the number of clusters which are able to merge rather than the timescale of the merger process.
Merger-Rates
The number of clusters, n m , which end up in the merger object shows no significant dependency on α and β, as long as the super-cluster configuration is well inside it's tidal radius (i.e. β < 1.0). In this case almost all clusters merge and only one or two clusters sometimes survive by chance. As one can see in Fig. 5 , n m is close to N 0 = 20. This changes if β becomes larger than 1. There is a significant drop in n m which also shows a weak α-dependency.
We interpret this result as follows: We start with Eq. 4 and neglect the rare case of an escaping merged cluster here. If β is small (β < 1) tidal effects are not dominant, and the evolution of N (t) is determined by the merger processes alone as discussed before. If β > 1 there is a trend that clusters can leave the super-cluster before participating in the merger events. The number of escaping clusters depends on how many clusters initially are outside the tidal radius and on the individual velocities of such clusters. With only 20 clusters initially for the entire super-cluster any statistics of the subset of escaping clusters is extremely poor. Their number strongly depends on the random numbers used for the initialisation of the system. Keeping in mind this poor statistical weight of our data, we nevertheless identify two physically reasonable trends in Fig. 5 : first, the larger β, the smaller the number of merging clusters, and second, this trend is more pronounced for small α. This result is consistent with the picture that strong tidal fields lead to more escapers (i.e. less clusters available for merging); if, however, the individual clusters are relatively extended (larger α), the merging competes with the escape; clusters on orbits of potential escapers could be captured in the central regions by merging with a higher probability. Binning the simulations in 5 β-bins, as shown in Fig. 6 , shows that the dependency on β is linear. As best-fit for the data of our simulations we calculate
To advance that kind of reasoning to an extreme, we could compare our results with the findings of Baumgardt (1998), who models the escaping stars from star clusters. He proposes a β 3/2 -dependency. Our results are consistent with Baumgardt's results, in particular for α → 0; note, however, that our particle number is very small compared to that work.
Building Up the Merger Objects
The formation scenario of the merger object depends on the chosen α-value. One finds that with high values of α, one has overlapping star clusters at the centre right from the beginning, and the simulation already starts with a merger object in the centre of the super-cluster.
With decreasing values of α, the merger-tree starts with the merging of clusters at different positions in the super-cluster. Afterwards, these mfellhauer.tex; 9/03/2008; 12:39; p.12 merger objects sink to the centre and merge together. The exact details of the merging depend however on the starting conditions, and there can always be cases with high α behaving like low α and vice versa. Fig. 7 and 8 show some snapshots of the evolution of clusters with high and low α-values. Since the crossing-time of the super-cluster expressed in physical units depends on its size and therefore on α, the merger rates, if expressed in Myrs, also depend on α: Large α-values correspond to compact clusters which merge within a few tens of a Myr, while small α-values correspond to extended clusters in which it can take up to 1 Gyr until all clusters are finally merged.
After 20 Myr almost every cluster has already fallen into the merger object at the high α simulation (Fig. 7) . At t = 100 Myr only the last single cluster can be seen (as a disturbance in the contours) merging with the main object.
In the low α simulation (Fig. 8 ) almost every cluster is seen as an individual object, even after 100 Myr. After 1 Gyr the merger object is surrounded by clusters which are still in the process of merging. These clusters may account for a high specific cluster frequency of the merger object. Not shown in the last snapshot are the 2 escaping clusters travelling on the same orbit around the galaxy as the merger object. 
Conclusions
We have performed a set of self-consistent dynamical models of clusters of twenty gas-free star clusters, as they have been recently observed in the Antennae galaxies. For all our models, a central merger object formed out of a large fraction of the single clusters. This is consistent with Kroupa (1998), who pointed out that these super-clusters will either disperse after loosing their gas-content or merge together and form a bound object afterwards. As long as the super-cluster is smaller than its tidal radius, almost all clusters merge.
For our choice of parameters (5 kpc ≤ D ≤ 100 kpc and 300 pc ≤ R sc cut ≤ 1.8 kpc) the merger process does not depend significantly on the two main dimensionless parameters of the problem, the tidal field strength relative to the super-cluster concentration (β) and the relative concentration of the super-clusters and the individual clusters (α). The cluster merging process cannot be modelled by a sequence of two-body merger events, but is a "collective" interaction, where the first passage ("encounter") of a cluster through the dense central region of the super-cluster leads to the assimilation into a growing merger object. The timescale of the merging process is the same (measured in internal crossing times of the super-cluster T sc cr ) for all models. Measuring time in years shows that high α calculations form the merger object within very short times (≈ 50 Myr), while for extended clusters (low α) this process can take up to 1 Gyr or even longer.
While for very strong tidal fields the tidal mass loss as e.g. discussed by Baumgardt (1998) dominates and merging processes are suppressed, and for the limit where the individual clusters approach point masses the merging is suppressed as well, our parameter range, which is consistent with the observations, always allows for the quick merger scenario on a few crossing time scales. Tidal mass loss is only a secondary effect for part of our parameter space (stronger tidal field) due to a slight reduction of the number of clusters available for merging. The number of merged clusters n m decreases linearly with β if β becomes larger than 1.0.
We do not claim that our process of forming dwarf galaxies is the only possible way how these objects form, but at least it is one possible way to explain the existence of dwarf galaxies in the vicinity of large "normal" galaxies like our Milky Way. In addition, some "side-effects" can be explained by our models. It takes very long until all clusters finally end up in the merger object for low values of α. Such systems could account for a high specific globular cluster frequency found in dwarf spheroidal galaxies. Our models develop tidal tails which spread along the orbit of the dwarf galaxy. Surviving escaped star clusters are also found on the orbit. This is similar to what is observed for the Sagittarius dwarf spheroidal galaxy. doc scientist to learn parallel computing, offering computing time and support for their projects. MF thanks the staff of EPCC for their support. We also acknowledge the insightful discussions with Prof. D.C. Heggie of the Department of Mathematics & Statistics at the University of Edinburgh.
